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as a 2.7-kb ^ I^/Zml fragment, and the luciferase reporter 
gene was isolated as a 3.1-kb Xho l-Eae I fragment. 

The DNA fragments were injected into fertilized eggs at a 
concentration of ~5 ng per ul. Transgenic mice were gener- 
ated according to standard procedures, and founder mice 
were analyzed by using th PCR and Southern hybridization. 
The OA-encoding transgene was identified by using primers 
corresponding to the bCMV promoter from -50 to -33 
(5'-GGC GTG TAC GGT GGG AGG-3') and sequences 
encoding the tet repressor (5'-GCA AAA GTG AGT ATG 
GGT CC-3'). The resulting PCR product was 280 bp in size* 
The reporter genes were identified with primers correspond- 
ing to the hCMV promoter (see above) and the luciferase gene 
(5'-GCA ATT GTT CCA GGA ACC AGG GCG-3 # ) or the 
nuclear localization signal of the 0-galactosidase gene (3 - 
CGG GAT CCC CCA TGC TCC Hie PCR product 

for the luciferase gene was 320 bp long and that for the 
^galactosidase transgene was 269 bp long. Three types of 
transgenic mice were generated: mice that carried the hCMV- 
tTA gene, the luciferase reporter gene, or the 0-galactosidase 
reporter gene containing sequences encoding a nuclear trans- 
location signal. 

Administration of Tetracydine, Slow-release tetracycline 
pellets Onnovative Research of America) were implanted 
subcutaneously in the shoulder region using a trochar ac- 
cording to the manufacturer's directions. These pellets re- 
leased 0.7 mg of tetracycline hydrochloride per day. AH 
pelle ts were kept in place for 7 days before levels of transgene 
expression were measured. Transgene expression following 
tetracycline withdrawal was measured 7 days after pellet 
removal. Tetracycline pellets were given to five females 1-4 
days prior to mating. All females became pregnant, and a 
total of 50 normal pups were delivered. No toxicity from the 
tetracycline was seen. 

Analysis of Luciferase and p-Galactosidase Activities. To 
analyze luciferase activity, mice were killed by cervical 
dislocation, and tissue samples were homogenized by using 
a Polytron in lysis buffer containing 25 nu\f glycylglycitte, 15 
mM MgiSOd, 2 mM EDTA, 1 mM ditbiothreitoi, and 1% 
Triton X-100, The homogenate was centrifuged for 5 min at 
12,000 rpm (14,000 x *) f and 100 nl of the supernatant was 
added to 350 /xl of assay buffer (25 mM glycylglycine, 15 mM 
MgaSCU, 5 mM ATP). Luciferase activity was measured 
using a Berthold Lumat luminometer (Berthold, Germany) 
after the injection of 100 /il of a 0.05 mM luciferin solution. 
The protein concentration of the homogenate was determined 
by using the Bradford assay (Pierce Coomassie protein 
Table 1. Activation of the ludferae gene in tissues of single transgenic mice from fine LU5 and in tissues from double-tmnsgcnic lines 
TA1/LU5, TA2/LU5, TA4/LU5, and TA5/LU5 



assay). Luciferase activities were calculated as relative light 
units (riu) per mg of total cellular protein. 

0-Galactosirkse activity was assayed in whole-tissue sam- 
ples or in frozen sections. To analyze activity in wbde-tissue 
samples, 5-mm cubes of selected tissues were fixed in 2% 
paraformaldehyde and 0.02% glutaraldehyde in phosphate- 
buffered saline (PBS) for 1 hr and then rinsed twice in PBS. 
Staining for 0-galactosidase activity was done at 30°C in a 
solution containing 0.156 4-chIoro-5-bromo-Wndolyl 0-r> 
galactopyranoside, 2 mM MgO* 5 mM EGTA, 0.0296 Noni- 
det P-40, 5 mM K 3 Fe(CN)<>, and 5 mM K4Fe<CN)s-6HsO. 
After staining, the specimens were embedded in paraffin, 
10-ftm sections were cut and counters tained with eosin or 
nuclear fast red, and an examination for blue-colored nuclei 
was conducted. To analyze /S-galactosidase activity during 
embryogene&is, embryos were fixed for 12 hr at 4°C in PBS 
containing 1% formaldehyde, 0.2% glutaraldehyde, 0.2% 
Nonidet P-40, and 2,5 mM deoxycholic acid. Embryos were 
then bisectioned and stained as described above. 

RESULTS 

Generation of Transgenic Mice. Three types of transgenic 
mouse lines were generated: reporter mice containing either 
the luciferase pr the 0-galactosidase transcription unit and 
mice carrying the hCMV-tTA gene. The hCMV IE1 promot- 
er/enhancer was chosen because it is expressed in a broad 
spectrum of tissues in transgenic mice (13, 14). The reporter 
genes, encoding either luciferase or the bacterial £-galacto- 
sidase, were under the control of i'bCMVM- Whereas the 
luciferase reporter gene permitted rapid and sensitive anal- 
ysis of overall transgene expression in selected organs, the 
£-galactosidase reporter gene enabled us to spedfically iden- 
tify the expressing cell types. A nuclear localization sigaal in 
the transgenic 0-gakctosidase allowed us to easily distin- 
guish it fiom endogenous cytoplasmic £-gaIactosidasc activ- 
ity (12). From the six founder animals carrying the hCMV- 
tTA gene, five (TA1-TA5) were used to establish lines. From 
the 13 founder mice carrying the luciferase gene, 6 (LU1- 
LU6) were used to establish lines, and lines were established 
from the 4 founder animals (G1-G4) carrying the p-galacto- 
sidase gene. Double-transgenic mice carrying the hCMV-tTA 
gene and one of the two reporter genes were generated 
through cross breeding. - 

The Luciferase and 0-Galactosidase Genes Were Activated 
by tTA- Basal expression levels of the luciferase gene and the 
magnitude of induction by tTA were most thoroughly eval- 
uated in the thigh muscle, thymus, and tongue of the trans- 



Tissue 



LU5 



Luciferase activity, rlu/mg of total cellular protein (no. of animals analyzed) 
TA2/LU5 



TA1/LU5 



TA4/LU5 



TA5/LU5 



Thigh 
-Tc 
+ Tc 
Post-Tc 

Thymus 
-Tc 
+ Tc 
Post-Tc 

Tongue 
-Tc 
+ Tc 
Post-Tc 



340 ± 160 (19) 
390 ±150(7) 
ND 

210 ± 140 OS) 
230 * 160 (7) 
ND 

560 ±210 (19) 
520 ±190 (7) 
ND 



10,400 ±3,100 (4)** 
410 ± 290 (4) 
ND 

6,000 ± 2,200 (4)** 
100 ±30 (4) 
ND 

26,000 ± 21400 (4)" 
240 ±140(4) 
ND 



14,800 ± 6,700 (7)* 
90±25(7) 
ND 

11,400 ±6,000 (7)* 
170 ± 110 (7) 
ND 

12,900 ± 6,800 (7)* 
180 ±130 (7) 
ND 



32,300 ± 17 t 300 (9)* 

180 ± 110 04) 
43,100 ±6,000 0)* 

5^00 ± 2,800 (9)* 

200 ±140 04) 
3,700 ± 1,000 f3)* 

27,200 ± 17,000(9)** 
4,900 ± 3,800 04) 
37,700 ± 8,100 (3)* 



53,300 ± 18,600 (4)* 
l ? 5O0 ± 700 (4) 
ND 

1,800 ± 650 (4f 
290 ± 160 (4) 
ND 

45,700 ±23,7QP(4>* 
1300 ± 490 (4) 
ND 
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translator bj^ * SiStatai was observed m 
luciferase ^i»e CTable !)• l V™ivity in the different tissues 
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similar to (14). Uvets of 

mice (13, W)- seq uences to the vicinity of inte- 
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^ctosidase *»<^J^J£^S& 

V^l™ Hue suaeesting that only a subset of cells 
nuclei were blue, su ^^ o ^ m '. tfline d nuclei were 
expressed both transgenes (Fig. 1). Blue 
kss consistently found in the thymus, .heart, , fadney. ana 

11.5 postcoital embryos (data not stomM ■ ™ 

in several embryonic tissues at postcoital day 16.5 

SSarly strong expression was seen in the nasal region, 

pSSry ^oroid plexus, thymus, and P^crcas of whole 

eSos However, tissue sections revealed that not aU 

nuS were blue in these areas (Fig . 2C and da* 

This nonuniform staining pattern was similar to that observed 

in <«ctions from adult tissues (Fig. 1>- 

" S^se Geue Activity Was Abrogated in the £ 

TetacycDM- To inhibit expression from the 

iow-release tetracycline pellets were implanted into mice 

S3Sr both the tTA gene and the luciferase reporter 

SflSKw activities in thigh muscle, thymus and 

fo^^mmu^aflerlweek.BasalkvelsofIuctferase 

S^ere fold in all double-transgeuic mice receiving 
KK(Table 1). This illustrates that tetracycline mac- 

luciferase gene activity (data not shown). 

DISCUSSION 

We have demonstrated that the terxacycline-responsive pro- 
^t^ P^T has low basal activity in most tissues of 
Se^ce Indole-transgenic mice that synthesize 
^ SyduVe-respoasive trans-activator tTA, ft«vM 

«nres2 was abrogated by the adnrirdstration of standard 
of tetracycline. No toxicity was observed 
JSffS^SSe to tetracycline. This inducible promoter 
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ftom lit* TA5 



Tissue 



Tongue 

Thigh 
liver 
Thymus 
Heart 
Skin 

Duodenum 
Colon 

Whole brain 

Lang 
Splcco 
Kidney 

Seminal vesicle 
Testes 
Uteres 
Ovary 

not determined 



Luciferass activity, 
rlu/tng of protein 


LU1 


LU1/TA5 


110 


14,000 


240 


39,500 


20 


80 


40 


1,400 


50 


400 


no 


6,700 


15 
80 


150 


800 


700 


750 


100 


30 


20 


1 


10 


no 


ND 


ND 


- NO 


ND 


1 


470 


1 


90 



Fold 
ind uction 

130 
160 

4 

35 

a 

60 
10 
10 
1 
0 
0 
17 
ND 
ND 
470 
90 
0 



Luciferase activity, 
riu/mg of protein_ 



LU6 


LU6/TA5 


50 


116,000 


130 


7,700 


10 


120 


10 


8,100 


no 


1,600 


9700 


267,000 


2800 


21,000 


170 


9,000 


20 


1,600 


20 


1,500 


350 


57,000 


10 


2,900 


80 


404,000 


1300 


2,600 


ND 


ND 


ND 


ND 


ND 


ND 



Fold 
induction 



2300 
60 
12 
800 
15 
30 
7 
55 
80 
75 
160 
290 
5000 
2 

ND 
ND 
ND 



Luciferase activity, 


rlu/mg of protein 


LU5 


LU5/TA5 


590 


45,700 


350 


53,300 


20 


50 


220 


1.800 


20 


12,300 


350 


73,000 


10 


1,200 


100 


600 


70 


500 


300 


300 


130 


10,700 


50 


400 


1000 


1,323,000 


360 


23,000 


ND 


. 300 


ND 


1,900 


ND 


ND 



Fold 

induction 



150 
2 
8 

600 
200 
120 
6 
7 
1 

80 
8 

1300 
64 
ND 
ND 
ND 
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Fio. 1. /Wjalactosidase activity in adult tissue sections from 
ttiigb muscle (A) and tongue (fl) from an adult mouse carrying the G2 
line p-gakctosidase and TA1 transgenes. Cells with blue nuclei 
expressed the 0-galactqsidase gene. 

system can therefore provide temporal control over gene 
expression in transgenic animals. It has been shown recently 
that the same system is functional in transgenic tobacco 
plants (15). 

Basal Gene Activity. An essential feature of any inducible 
system is low promoter activity in the inactive state. Basal 
transcriptional activity in the tet repressor/VP16 system is 
dependent upon the promoter elements of the target gene. 
The activity of the Phcmv-i was examined by using both the 
luciferase and jS-galactosidase reporter genes. No measura- 
ble p-galactosidase activity was seen in mice carrying only 



the p^alactosidase transgene. However, measurable levels 
of luciferase activity were occasionally observed in certain 
tissues from some mice containing only the luciferase trans- 
gene. The fact that basal expression from the ^galactosidase 
gene was not seen is probably due to the greater sensitivity 
of the luciferase assay. The sporadic occurrence of measur- 
able levels of luciferase in some mice indicates that there can 
be transcriptional activity from the hCMV IE1 core promoter 
(16, 17). A core promoter containing only a TATA box may 
provide lower baseline activity (18)- However, this sugges- 
tion will have to be tested to determine if such a skeletal 
promoter can be activated when embedded in chromatin. 

InduclbMry and Repression of Transgenes. Binding of the 
tTA transcription factor to the tet operator sequences in the 
promoter of the target gene activates transcription. High 
activation levels can be achieved even at low concentrations 
of tTA (9), The fact that tTA is capable of activating tran- 
scription of target genes in several independent chromosomal 
loci shows that the trans-activator can gain access to bacterial 
control elements packaged into chromatin in differentiated 
tissues. Trans-activator protein produced by four indepen- 
dent lines of transgenic animals activated luciferase target 
genes to a simikr degree. This may indicate that position 
effects do not have a dramatic influence on the magnitude of 
target gene activation. Activity of the luciferase gene in 
doublc-transgenic mice was abrogated by administering tet- 
racycline. The therapeutic levels of tetracycline released 
from the subcutaneously placed pellets were enough to 
interfere with binding of tTA to the tet operator sequences of 
A>cmv*-i- The effect was reversible after removal of the 
tetracycline pellet. Specific evaluation of the kinetics of 
repression of gene expression following tetracycline admin- 
istration or release of repression after tetracycline with- 
drawal was not made in this study. However, we can state 
that luciferase activity in double-transgenic mice was frilly 
repressed after 7 days of tetracycline administration. Induc- 
tion of gene expression followed withdrawal of tetracycline. 

Variability and Mosaicism. Expression of the luciferase 
gene in mice carrying also the hCMV-tTA gene varied 
between animals from any given line and even between 
littermates. This variability may be inherent in the hCMV IE! 




expressed the 0-galactosidase gene. 
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promoter/enhancer used to direct expressiOT of t«r^ 
£*ivator. Such variability was also observed ui littermates 
carrying a hCMV IEJ-CAT transgene (13)- Histolo^cal aaat 
vses for frgalactosidase activity revealed mosaicism. The 
number of cells expressing the transgene was only a subset of 
the cells expected to stain in that site, a pattern renmuscent 
of position-effect variegation (19). Although a possibility, 
mosaicism cannot be attributed simply to the use of the 
fl^galactoaidase reporter gene as this gene has been expressed 
homogeneously in embryonic, fetal, and adult tissues (20). 
Mosaicism has been observed with other transgenes (12, 14) , 
and even some endogenous genes (21), and is referred to as 
incomplete penetrance (12). This stochastic pattern of gene 
expression may reflect the activity of certain endogenous 
genes (21) and also may be the cause of the variable pene- 
trance of defects observed in null mutant mice (22 ► 23). 

Other Inducible Systems. Other inducible promoter sys- 
tems have not offered the degree of control presented by this 
strategy* Similar to the system reported here, two previously 
described binary systems consist of a silent target gene that 
is induced by constitutive or regulated tons-activators (2 t 3). 
In the third reported system, a silent target gene is activated 
by a site-specific recombinase (4). However, in contrast to 
the system described here, transgene activity in these binary 
systems is regulated by the transcription pattern inherent to 
the promoter controlling the trans-activator gene. No addi- 
tional manipulation is possible. 

A system that uses the tet repressor to inhibit gene tran- 
scription is another approach to controlling gene activity. In 
these systems tet repressor molecules bind to tet operator 
sequences located at the transcriptional start site and block 
gene transcription in the absence of tetracycline- In the 
presence of tetracycline binding of the tet repressor to the tet 
operator is greatly reduced and transcription is activated (24). 
Repression of transcriptional activity to basal levels has been 
achieved in the presence of ^500,000 tet repressor molecules 
per cell. Such a concentration can only be obtained with 
strong promoters, such as the 35S promoter from the cauli- 
flower mosaic virus (24). Therefore, it may be difficult to 
achieve a repression of the transgene with housekeeping or 
standard tissue-specific promoters- 

The induction of transgenes through the withdrawal of 
tetracycline can have specific advantages for some experi- 
ments. For example, when analyzing the roles of oncogenes, 
growth factors, or tumor suppressor genes on tumor forma- 
tion, a long period of gene activation may be required (25-28). 
If a tetracycline-responsive promoter is used to' control 
oncogene expression, it may be convenient to have the 
animals off tetracycline during this time. 

In conclusion, the tetracycline regulatory system can pro- 
vide temporal control of transgene expression. It should be 
useful for experiments designed to address certain biological 
questions in transgenic animals. For example, temporal con- 
trol of the induction of growth modulators, oncoproteins, and 
other proteins participating in developmental processes 
could provide further definition to their roles in normal 
growth and turaorigenesis. Hie effects of expressing poten- 
tially deleterious genes can be studied, since these genes can 
be rendered inactive by using tetracycline* Alternatively, the 
system can be combined with one of the site-specific recom- 



binases (4) and used to delete genes at specific time points 
during development. 
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